Abstract -The southern boundary of the Carnarvon phytogeographic district separates the arid Acacia shrub lands from the species rich heaths and woodlands of the Irwin region. This boundary has previously been mapped at a scale of 1 : 250000 using the structure, density and composition of the dominant perennial plant species. One hundred quadrats were established across this boundary to determine if floristic composition correlated with the mapped position of this boundary. Our results suggest that the boundary of the Southwestern Botanical Province should move west and south to exclude the Acacia -Casuarina thicket on red sandplain and the tree heaths south of Shark Bay. In terms of species and family composition the vegetation of these areas is more similar to typical Carnarvon vegetation than to the scrub heaths of the yellow sandplains of the Irwin. Major edaphic patterns are strongly correlated with the position of the revised boundary.
INTRODUCTION
The boundary between the Southwestern and Eremaean Botanical Provinces runs roughly southeast from Shark Bay (Beard, 1976a) and bisects the lower third of the Carnarvon Basin study area of Keighery et al. (2000;  Figure 1 ). This boundary represents the transition from the complex and species rich heathlands and woodlands of southwestern Australia to the less diverse Acacia shrublands of the Carnarvon Basin and is clearly related to the increasing quantity and reliability of rainfall to the south-west (Beard, 1976a) . This major floristic boundary was first mapped by Diels (1906) and later work by Gardner (1944) and Gardner and Bennetts (1956) further refined its position but on maps at very large scale. Detailed mapping of this boundary did not take place until Beard's pioneering Vegetation of Western Australia project was undertaken, culminating in the publication of vegetation maps of the south-west at 1 : 250000 scale and the rest of the State at 1 : 1 000 000 scale (e.g. Beard, 1975 Beard, , 1976a Beard, , 1976b Beard, , 1976c and allowing detailed boundaries for 21 districts and 4 subdistricts to be defined across the State (Beard, 1980) . The terminology of these districts has subsequently undergone some minor modification (Beard, 1990 ).
Beard's vegetation mapping used vegetation structure, density and composition and generally showed remarkable concordance with the earlier published phytogeographic boundaries (Beard, 1976b) . The position of this boundary in the Shark Bay area is, however, equivocal due to the intermediate nature of the structure and floristic variation in the vegetation. Diels (1906) originally included Edel Land and Peron Peninsula in the Southwestern Province, Gardner (1944) and Gardner and Bennetts (1956) showed the boundary bisecting the Peron Peninsula, while Burbidge (1960) followed Diels' line. Beard (1976b) considered that Peron Peninsula with its Acacia ramulosa scrub and rriodia plurinervata hummock grasslands clearly represented southern Eremaean vegetation, as did the vegetation of Bernier and Dorre Islands. The tree heaths of the Tamala area (immediately south of Shark Bay) are a unique vegetation type. Beard (1976a Beard ( , 1976b ) considered these tree heaths had clear floristic affinities to the Acacia -Casuarina thicket of the Eurardy system (within the Irwin botanical district).
Edel Land and Dirk Hartog Island, however, have a complex of intermediate vegetation types with affinities both to the Eremaean and the Southwestern Provinces (Beard, 1976b Burbidge and George (1978) disagreed with the placement of this island in the Eremaean Province and considered it better treated as a 'transitional zone' or placed in the Southwestern Province based on its flora and vegetation formations with the exception of the hummock grassland. In the most recent review of the biogeographic regions in Western Australia, Thackway and Cresswell (1995) (Beard, 1980) shown as solid lines.
Sandplains Region) and Dirk Hartog Island with Peron Peninsula in the Eremaean Province. Beard (1976a Beard ( , 1976b Beard ( , 1976c has also mapped vegetation systems within the districts of the Southwestern Province and for part of the Carnarvon botanical district. Vegetation systems consist of particular series of plant communities recurring in catenary sequences or mosaics linked to topographical, pedological and/ or geological features (Beard, 1976a (Beard, , 1976b (Beard, , 1976c . The aim of the present paper is to test the placement of the Carnarvon -Irwin boundary and the vegetation system boundaries within these two districts using plot-based floristic data derived from 100 quadrats straddling the Irwin -Carnarvon boundary.
METHODS
One hundred sites occurring on sandplains were sampled across the Irwin -Carnarvon boundary from Peron Peninsula to south of the Murchison River (Figure 1 ) where access permitted. Quadrats 30 m x 30 m were established at each site and all vascular plant species occurring in the quadrats were recorded. Recently burnt sites were avoided. Seventy-five quadrats were established on four spring sampling trips during 1988-92, following good winter rains. Most of these quadrats were sampled once. A further 25 quad rats were established in August 1994, with most being revisited in August 1995. As all sites were visited at least once following good winter rains, differences in species composition in the dataset due to seasonality were considered to be minimal. Each site was allocated to the appropriate phytogeographic district and vegetation system following Beard (1980 Beard ( , 1976b Beard ( , 1976c .
Sites were classified according to similarities in species composition (presence/absence data) using the Czekanowski coefficient and 'unweighted pairgroup mean average' fusion method (UPGMA, Sneath and Sokal, 1973) , while species were classified using the 'two step' method of Austin and Belbin (1982) and the UPGMA fusion method. Annuals and geophytes were included in the analysis as all sites were considered to have had good rains prior to the sampling period.
A bulked soil sample of the top 10 cm was collected from 96 of the 100 sites and soil mechanical analysis and macro nutrient analyses were undertaken on these samples using standard techniques (McArthur, 1991) . Climate parameters for each site were estimated from the climate modelling program AUSCLIM [see Wyrwoll et al. (2000) for details]. Statistical relationships between site groups (at the 13 group level) and within the three major groups identified were tested using Kruskal-Wallis non-parametric analysis of variance (Siege!, 1956) .
Nomenclature generally follows Green (1985) and current usage at the Western Australian Herbarium. Selected voucher specimens have been lodged in the Western Australian Herbarium.
RESULTS

Vegetation classification
Six hundred and ninety taxa (species, subspecies and varieties) were recorded from the 100 quadrats. Of these, 224 (32(Yt») were recorded at only one site. Preliminary analyses showed these singletons contained little information and were subsequently excluded from the analysis. The 466 remaining taxa were recorded from between two and 48 sites. Species richness ranged between 10 and 73 taxa/ plot. The classification is discussed at two levels, the 3 group level (referred to as groups 1, II and 1II) and the 13 group level (referred to as site group 1 to site group 13) (Figure 2 ).
At the three group level the 100 sites fall in more or less discrete geographical entities, with group I occupying the southern inland sector, group II the northern coastal sector and group III the southern coastal sector (Figure 1 ). There is some degree of 157 overlap in species composition between groups. Species assemblages S, T, U and V are characteristic of the southern coastal group with species assemblages P, Q and R being typical of the northern coastal group (Table 1) . Species assemblage 0 is well represented in both the northern coastal group and the southern inland group but largely lacking from the southern coastal group (Table 1) . The northern coastal group occurs mostly on red sands, the southern inland groups occurs on either red or yellow sands and the southern coastal group was restricted to yellow sands.
These three major groups can be further divided into 13 site groups and the inverse analysis of the species gave 22 species assemblages (Table 1 ). The southern inland group (group I) can be subdivided into four site groups. All four site-groups are generally open mallee over Acacia shrublands often with emergent Callitris glaucophylla in site groups 1, 2 and 3. Site group 1 is largely restricted to the Toolonga plateau while site group 2 is found on the sandplain south of the Murchison River. Both groups have high representation of species assemblage 0 but differ in terms of species assemblages A, B, L, M and N. Site group 1 had an average species richness of 38.6 taxa/ site while site group 2 was richer with an average richness of 49.7 taxa/plot. Site group 3 differs from the previous two in having a diverse heath understorey (species assemblage C), a much lower representation of species assemblage 0, and lower overall species richness (average of 29.7 taxa/plot). Site group 4 was closely related to site group 3 but was less rich (average 2004 taxa/plot) and had low to moderate representation of species assemblages G, H and I which are more typical of the northern coastal group (group ll).
The northern coastal group can be divided into 5 site groups. Site groups 5 and 9 largely correspond to the tree heath found on the red sands south of Shark Bay. This group also included an Acacia shrubland immediately adjacent to the boundary with the tree heath and an outlying site well to the south. This outlying site (48) would probably be better considered a species poor example of site group 1 (see Table 1 ). Site group 9 has lower average species richness (30.7 taxa/plot) than site group 5 (39.7 taxa/plot) and lower representation of species in species assemblages 0 and P, with the missing taxa mostly being annuals or geophytes. Most sites in site group 5 were scored in 1991 while sites in site group 9 were scored in 1994 and 1995. These two site groups may represent a seasonal component in the dataset but no other floristic groupings were correlated with year of sampling.
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plot with species assemblages P and Q being typical of this site group. Site group 7, by contrast, generally consisted of Acacia ligulata and/or Melaleuca cardiophylla shrublands with moderate to high representation of species assemblage R, an assemblage almost totally lacking in all other site groups. This assemblage has a high proportion of weeds. Species richness averages 45.5 taxa/plot. Site group 7 is the most widespread group, stretching from the Zuytdorp cliffs through Edel Land and north to Peron Peninsula (Figure 1 ). Site group 8 generally consisted of low woodlands of eucalypts or Melaleuca over heath confined to Cooloomia Nature Reserve and areas to the south on red sands generally in swales. Species richness is 34.6 taxa/plot with moderate representation of species assemblage P, while species assemblages Q and R are almost totally lacking.
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The final major grouping includes the four site groups of the southern coastal area (group III). Site group 10 includes open mallee or Allocasuarina and / or Actinostrobus shrubland over heath on yellow sands. Species richness is relatively low (average of 30.4 taxa/plot). Species assemblage V is well represented, species assemblage U is less well represented and assemblages S and T are totally lacking. This site group geographically overlaps with site groups 2 and 3. Site group 11 comprises the Actinostrobus -Banksia scrubs and heaths confined to the yellow sands of Kalbarri National Park. High representation of species assemblage V separates this group from other site groups in the southern coastal area. Average species richness is 43.3 taxa/plot.
Site groups 12 and 13 are the limestone heaths and shrublands of the Zuytdorp and Cooloomia area. Site group 12 occurs on the deeper sands over limestone while site type 13 occurs on skeletal soils over limestone. Species composition is similar with species assemblage S being more typical of the deeper soils and assemblage T of the skeletal soils (Table 1) . Average species richness rises from 36.5 taxa/plot on the deeper soils to 43.0 on the thinner soils.
Environmental correlates -Both the 3 and 13 group classifications showed highly significant differences between group means for both climatic and soil parameters. There was also a high degree of correlation between both the climate and soil parameters (Appendix 1). Given this high degree of correlation within the climatic parameters, only patterns in mean annual temperature, mean annual temperature range, mean annual rainfall, and rainfall seasonality are discussed here (Table 2) .
Group II (the northern coastal site groups) had the highest annual mean temperatures followed by the southern inland group (group I) and then the southern coastal group (group Ill) which is consistent with their geographical spread (Figure 1) . Within the northern coastal group, site group 6 experienced slightly higher temperatures than site group 5 and 9 due to its generally more northern distribution. Site group 7 had a lower mean temperature reflecting its wider geographic spread while site group 8 was much lower than the other Table 2 Site group averages for mean annual temperature, mean annual temperature range, mean annual rainfall, and rainfall seasonality. (Kruskal-Wallis one way analysis of variance of the 13 site groups showed significant difference between means for all parameters at P < 0.0001). Carnarvon phytogeographic boundary site groups reflecting its concentration to the south (Figure 1 ). The southern inland group (group I) also showed significant inter site group differences in mean annual temperature (Kruskal-Wallis 31.9, p < 0.0001). Site group 1 (the most northern in this group) showed consistent higher temperatures than site groups 2, 3, and 4. Within the southern coastal group (group HI), which experienced the lowest annual mean temperatures, site group 11 (on Kalbarri sandplain) was significantly cooler than the more northerly site groups 12 and 13 found in the Zuytdorp Cliff area (Kruskal-Wallis 12.6, p < 0.01).
Major Group
When annual temperature range is considered, the southern inland group (group I) show a consistent range of about 28-29°C. The northern coastal group (group II) has a significantly lower temperature range, especially those sites on Peron Peninsula and Edel Land, where the annual temperature range drops to 26-27°C. Site groups 5, 8 and 9 have similar ranges. Within the southern coastal group (group HI) the inland site group (site group 10) has a greater annual temperature range than the other three site groups.
Mean annual rainfall and rainfall seasonality both showed highly significant between group differences both at the 3 group and 13 group classifications. Rainfall generally decreases away from the coast across the study area and is somewhat higher in the south than the north (Beard 1976a) . The southern coastal group (group HI) has the highest annual rainfall and within this group, site group 11 (the Kalbarri sandplain sites) is higher than the remaining site groups. Site group 10 (the 167 most inland of this group) has the lowest annual rainfall. Site groups 3 and 4 (belonging to the southern inland grouping (group I» occur further inland still and show further decreases in rainfall. The lowest mean annual rainfall (240 -245 mm) are found in site groups 1, 5 and 6, consistent with the above pattern (Figure 1) .
The most strongly seasonal patterns in rainfall are seen in the high rainfall southern coastal group (group HI) and the northern coastal grouping (group II) ( Table 2 ). The more inland site groups had a less predictable climate and hence less pronounced seasonality. This trend is apparent within the southern coastal group where the most inland of site groups (10) has a significantly less seasonal rainfall pattern than site groups 11, 12 and 13 (Table 2 , Kruskal-Wallis 19.1, p < 0.001).
Soil nutrient and mechanical parameters also showed highly significant differences between group means for both the 3 group and 13 group classifications and within the three major groups (Tables 3 and 4 ). The most striking differences are the high pH, high electrical conductivity, and high nutrient levels of the northern coastal group (group II) with considerable variability of parameters within its 5 site groups.
The southern inland (group I) and southern coastal (group HI) groups are acidic sands with the inland group having generally lower pH than the coastal group (Table 3) . The yellow sands of the southern coastal group (group HI) showed less variability in pH than the southern inland group (group I). Within the southern coastal group, site group 10 (inland sites) has a significantly lower pH than site group 13 (coastal scrubs) (Kruskal-Wallis Table 3 Means values for the 13 site groups for soil parameters. Sig. Diff. indicates significant differences between means of the 13 groups based on Kruskal -Wallis one way analysis of variance ( 8.6, P < 0.05). The sandy soils of the northern coastal group are significantly more alkaline than either of the other major groups (Kruskal-Wallis 63.8, p < 0.0001). The most alkaline site group (7, mean pH 8.9) occurs on coastal dunes from Peron Peninsula to Zuytdorp Cliffs while site groups 5 and 9 of the red sandplain south of Shark Bay recorded average pH of 8 -8.5. The mean pH of the remaining site groups of this northern coastal grouping ranges from 7.2 -7.6.
Electrical conductivity showed an even more pronounced differentiation of the northern coastal group (group 11) from the remaining groups (Table  3) . Again site groups 7 and 9 recorded the highest electrical conductivity values within this group. Similar patterns are seen for available P, K, exchangeable Ca, K, Mg and Na (Table 3) . Four quadrats in site group 2 show consistent elevated values for K and exchangeable Mg, Ca and K that are not clearly apparent in the electrical conductivity data. Site groups 12 and 13 show higher exchangeable Ca and Na and electrical conductivity values than are apparent for other site groups in the southern coastal grouping (group III) ( Table 3) .
The pattern for C, N and total P differ from the patterns described above with a strong peak only in community type 7 (Table 3) . Both total and available P show elevated levels in the southern inland group (group I) compared with the southern coastal group (group III) (Table 3) . Within the southern inland group there are significantly different mean values of total and available P (Kruskal-Wallis 24.3 and 16.5 respectively, P < 0.001) with site groups 1 and 2 showing about twice (Table 3 ). Significant differences were also found between the means of total and available P of site groups in group 11 and in group III (Table 4) . Mechanical analysis showed similar patterning to that seen in the soil chemistry data ( Table 3 ). All sites were on either sands or sandy loams with the southern inland group (group I) having the highest clay contents. Within this group, site group 4 had low average clay content (5.5%) while site groups 1 and 2 had clay contents of 7.3% and 7.9% respectively. The northern coastal group also exhibited significant differences in clay content between site groups with the highest levels found in site group 7 (average of 6% clay) and the other site group means ranging from 3.2 to 4.7% (KruskalWallis 11.3, p < 0.05). Site 70, which is an outlying site in site group 6, had much higher average clay content than other sites in this group. The level of clay at this site is similar to those of site group 1 that occur in the immediate vicinity (Table 3, Figure   1 ).
The southern coastal group (group III) generally showed the lowest average soil clay content. Within this group highly significant variation was seen between site groups (Table 3 and 4), with site groups 11 and 12 showing the lowest average clay content (2.4 -2.7%) while site groups 10 and 13 had average clay contents of 4.3 to 5.6%. Percentage clay content was highly correlated with soil nutrient levels, and percentage silt showed a degree of weak correlation with some soil nutrient parameters (Appendix 1). Beard's (1980) classification of phytogeographic regions attempts to identify natural ecological regions "each of which possesses its own characteristic landscape due to its particular features of climate, geology, landforms, soils and vegetation". He used vegetation (mapped in terms of structure, density and composition of the dominant taxa) as the indicator of these regions. The phytogeographic boundary between the Irwin and Carnarvon botanical districts also represents the boundary between two of the major floristic provinces (temperate Southwestern and arid Eremaean) in Western Australia.
DISCUSSION
Our analysis of floristic patterning of comprehenSive lists from 100 sites across this boundary sought to test the current placement of this major phytogeographic boundary independently of Beard's vegetation units. One possible drawback of this approach is that seasonality in annual and geophyte occurrence could influence the floristic classification. However, while no detailed studies on seasonality have been undertaken in this region (low rainfall temperate), all sites were visited at least once following good winter rains and, with the exception of site groups 5 and 9, the classification shows no segregation by year of sampling, implying that the influence of any seasonal component in the data analysis is low. Our data show very strong correlation of edaphic and climatic factors with floristic composition at both the 3 and 13 group levels, but generally poor correlation with Beard's phytogeographic districts and vegetation systems (Table 5 ). Our southern coastal group (group III) was however entirely confined to Beard's Irwin district and within this group there was good correlation between three of the four site groups and Beard's vegetation systems (Table 5) .
This southern coastal group (group Ill) can clearly be considered a southwestern group in terms of family and species composition (Tables 1 and 6 ). It is the outlying group in our classification (Figure 2 ) with groups I and II being floristically more similar and having more overall similarities with the Eremaean region (Tables 1 and 6 ). These results are at variance with the present location of the IrwinCamarvon boundary and suggest that the southern section of this boundary should be placed 25 km further to the west then swing to the coast in the Table 6 Comparison of patterns in composition of the most common families between plots in the tree heath (site groups 5 and 9) with those typical of the Irwin (site groups 10 to 13) and the Carnarvon (site group 1). Percentage composition calculated for taxa recorded within each group and mean species richness/lOO m l. Carnarvon boundary (solid black line), and separation between southern inland (group I) and northern coastal (group II) floristic groups (dashed black line). For each of the three major groups the range in site group means for temperature, rainfall, pH, electrical conductivity and total P and total N shown in boxes.
Irwin plots
vicinity of the Zuytdorp cliffs south of the tree heath to more fully conform with patterns in species composition (Figure 3 ). The present position of the southern section of the Irwin -Carnarvon boundary separates the Acacia -Casuarina thicket on red sandplain (Irwin) from the Acacia ramulosajlinophylla scrub with scattered pines and eucalypts (Carnarvon) (Beard, 1976a (Beard, , 1976b (Beard, , 1976c . Moving this boundary 25 km to the west would include the Acacia -Casuarina thicket in the Carnarvon district and result in the Irwin boundary being defined by Beard's scrub heaths on yellow sandplain. Our analysis then suggests that the Irwin boundary should then follow the southern boundary of the tree heaths to the coast.
All previous workers, except Clarke (1926) , have placed these tree heaths in the Irwin district, however when patterns in species and family composition of sites in this unit (site groups 5 and 9) are compared with site groups 10 to 13 (all within the Beard's Irwin district) and site group 1 (predominantly in Beard's Carnarvon district) it is clear that tree heaths are more similar in terms of total species composition (cf. dominants) to typical Eremaean pattern than that of the Southwest. There is no difference in mean species richness between these groups (Table 6) .
Our soil chemical data lend no support to the current placement of the Irwin -Carnarvon boundary (Table 3, Figure 3 ) The predominantly red sand sheets occupied by sites in our southern inland group (group I) show almost total segregation in terms of pH, electrical conductivity, and total N and total P and clay content for site group means from the other groups ( Figure 3 , Table 3 ). Similarly our northern coastal group (group H) has more calcareous sands of higher P content than either groups I or IH, suggesting these three sand sheets have different origins. More detailed analysis of the soil profiles would be needed to confirm this.
The shallow nature of climatic gradients is a feature of this part of Western Australia, where the whole of the study area is in a predominantly winter rainfall zone, with total mean annual precipitation decreasing to the north and east. Climate estimates for our sites are consistent with this pattern with the highest rainfall and a high seasonality seen in the southern coastal group (group Ill) (Table 2, Figure 3 ). Rainfall maps in Beard (1976a) suggest the 300 mm isohyet extends up the Edel Land Peninsular and bisects Dirk Hartog Island, although more recent data (Anonymous, 1986) indicate that this isohyet cuts the coast just north of Kalbarri. This isohyet has long been regarded as significant in delimiting the Southwestern and Eremaean Provinces, disregarding its incorrect map position (Diels, 1906; Gardner and Bennetts, 1956; Beard, 1976a) .
The placement of the Carnarvon -Irwin boundary 25 km to the west and swinging south of the tree heath on red sandplain (Figure 3) would make it consistent with strongly correlated patterns demonstrated between the species composition analysis and the edaphic and climatic parameters of our sites, and more closely fit Beard's (1980) concept of natural ecological regions. Our data strongly suggest Beard's interpretation of the vegetation of the peninsulas and islands of the Shark Bay area in the Carnarvon botanical district is correct (cf. Burbidge and George, 1978; Thackway and Cresswell, 1995) however our analysis suggests that the tree heaths and Acacia shrublands on the red sandplains east of Kalbarri should also be regarded as part of the Carnarvon botanical district. 
